Cloning of h u m a n DCC (deleted in colorcctal carcinoma, Fearon et al., 1990) showed that it is an immunoglobulin superfamily member homologous to neural cell adhesion molecules (N-CAM). To explore the normal function of this molecule, we have cloned a chicken homologue to DCC (cDCC) and raised an antibody to DCC. cDCC is a protein of 160 kDa with an expression pattern distinct from those of other i m m u n o g l o b u l i n family members including N-CAM and Ng-CAM. Transgene expression of cDCC in fibroblasts led to increased c e l l -c e l l adhesion. Localization studies in chicken and mouse embryos showed that DCC is expressed in the epithelia of skin, gut, lung, and bladder. In adult, the expression of DCC is limited to the basal layer of s t r a t i f e d epithelium in skin, crypt regions of intestinal villi, and stem cells in m a m m a r y duct. Cell aggregation assay using embryonic chicken skin epithelial cells and antibody to DCC showed it is a C a 2+ independent cell adhesion molecule. In epithelial-mesenchymal interactions during feather morphogenesis, antibody to DCC suppressed the formation of dermal condensations and the polarized localization of N-CAM and fibronectin. These results implied that DCC is an epithelial cell adhesion molecule required for mediating critical functions in epithelial-epithelial and epithelialmesenchymal interactions.
INTRODUCTION DCC (deleted in colorectal carcinoma) is a gene located on chromosome 18q and is missing in 70% of human colorectal carcinomas . DCC is likely to play a role in the pathogenesis of colorectal tumors . The progression of colorectal carcinoma from early to advanced stage is accompanied with the decreased expression of DCC mRNA (Kikuchi-Yanoshita et al., 1992) . In other gastrointestinal tumors, highly reduced or absent expression of DCC was seen to be correlated with low or undiffer-1 To whom correspondence should be addressed. entiated pancreatic tumors (Hohne et al., 1992) , and frequent loss of DCC was observed in gastric cancers (Uchino et al., 1992) . Outside the digestive system, abnormal expression of DCC was also reported for breast cancer (Devilee et al., 1991 , Thompson e~ al., 1993 . These recent results demonstrate the important roles of DCC in the growth control of carcinoma and epithelial morphogenesis. They emphasize the importance of characterizing the DCC gene product and studying the biological roles of DCC.
DNA sequence data showed that human DCC is a member of the immunoglobulin (Ig) superfamily and, among the known molecules of this superfamily, it shares the highest homology with neural cell adhesion molecules (N-CAM) . N-CAM is a cell adhesion molecule originally found to be involved in neural-neural and neuromuscle interactions (reviewed in Edelman, 1988) . N-CAM was recently found to mediate a variety of mesenchymal condensations including dermal and precartilaginous condensations during embryogenesis (Jiang and Chuong, 1992; Widelitz et al., 1993) . In the growth control aspect, N-CAM was shown to mediate contact inhibition (Aoki et al., 1991) . To explore and compare the roles of these two Ig family members, DCC and N-CAM, we took the approach of studying the functions of DCC in embryonic development, when many growth and adhesion related genes play active roles. We used chicken embryos because many developmental studies have been done and our data can be compared with available data from other Ig superfamily members (reviewed in Sonderegger and Rathjen, 1992) .
Screening of an avian embryonic cDNA library based on DNA homology led to the cloning of a chicken homologue (cDCC) of human DCC with 94% amino acid similarity with human DCC. While the molecular characterization of DCC will be reported separately, in this report we show the cell biological characterization of DCC using the expression vector and antibodies raised against DCC. We showed that DCC is a cell adhesion molecule which employs a calcium-independent binding mech'anism. In development, DCC is expressed in various epithelia and its function is tested by skin explant cultures. In adult, DCC expression is limited to the basal cells such as the squamous epithelia of skin and crypt region in intestinal villi. These data suggest that this putative tumor suppressor is expressed in normal proliferating epithelial cells but lost in differentiated epithelial cells. Potential roles of DCC based on this developmental study are discussed in a proposed model.
MATERIALS AND METHODS

Animals
Fertilized eggs of white Leghorn chicken were from K and R farm (Westminster, CA) and were staged according to Hamburger and Hamilton, 1951 . CD-1 non-inbred mice were from Charles River.
Construction of Retroviral Vectors Containing cDCC and Transfection of Avian Fibroblasts
We used pMV-7 (Kirschmeier et al., 1988) , a replication-defective amphotropic retroviral vector to express cDCC gene. This vector places the control of exogenous genes under a constitutive Maloney murine sarcoma virus LTR promoter. The vector also contains the neomycin resistance gene for selection. We have cloned a 4.3-kb cDNA clone by using human DCC probe to screen a chicken embryonic cDNA library (Clontech). This clone contains an AUG translation initiation codon and a polyadenylation signal. Sequence data showed 93% homology in DNA sequence and 94% in amino acid similarity. The molecular characterization of this chicken DCC clone (cDCC) is to be published elsewhere. We subcloned this cDCC clone into pMV-7 using the EcoRI cloning site, and the resulting expression vector was designated pMV7-DCC.
The pMVT-DCC retroviral vector was introduced to the mouse-derived PA317 packaging cell line using the Transfectace lipofection reagent (Gibco BRL). PA317 cells were grown to 75% confluence in DMEM + 10% FCS in 35-mm tissue culture dishes and incubated for 12 hr with the pMV7-DCC/Transfectace complex in serumfree DMEM. After lipofection, cells were allowed to grow to confluence in DMEM + 10% FCS and placed under selection with G418 (400 #g/ml) for 3 weeks. Surviving cells were maintained in media containing 200 #g/ ml G418, which was composed of almost all transgenepositive cells (Fig. 2D ) and was designated PA317-DCC. Untransfected PA317 cells grown under selection conditions did not survive. No attempt was made to subclone PA317-DCC.
Antibodies
Suitable antigenic regions of cDCC were selected according to hydrophilicity and antigenicity plots (Hopp, 1989) . A peptide located in the third Fn type III domain (human DCC peptide 721-730, DESQVPDQPS) was selected and synthesized using an automatic solid-phase peptide synthesizer (Applied Biosystems, Foster City, CA) operated by the Norris Cancer Center Core Facility of the University of Southern California. Subsequent cloning and sequencing showed that the peptide sequence in this region is exactly the same between human and chicken DCC. A modified cysteine was added to the N-terminal of the peptide to facilitate coupling of carrier proteins. The synthesized peptides were purified by HPLC on a C18 reverse-phase column and were shown to be 96% pure. The peptides were then coupled to keyhole limpet hemocyanin (KLH) using the bifunctional reagent m-maleimidobenzoyl-N-hydroxysuccinimide ester (Green et al., 1982) . The reaction mixture was further purified on a Sephadex G-25 column (Pharmacia, Piscataway, N J).
KLH-DCC peptide was used to immunize two rabbits (rabbit anti-cDCC 1 and anti-cDCC 2). KLH was used to immunize another rabbit and the antiserum used as a control. The KLH-DCC conjugates (0.4 mg) were mixed with Freund's adjuvant and injected at multiple sites subcutaneously into New Zealand White rabbits. Following five injections, serum was collected and the IgG fraction was purified using ammonium sulfate precipitation and a Protein G affinity column (GIBCO, Grand Island, NY). Purified IgG was used for immunoprecipitation and immunostainlng or digested with papain (Worthington Biochemical Co., Freehold, N J) to make f(ab') fragments for functional assays.
Some of the anti-DCC IgG was affinity-purified with DCC peptide-conjugated beads. To prepare the affinity column, 2.5 ml of Affinity-Gel 10 (Bio-Rad, Richmond, CA) was resuspended in a solution of 10 mg synthetic cDCC peptide in 100 mM PBS containing 1 mM EDTA. The suspension was shaken at room temperature for 2 hr. After washing, the gel was packed into a column and 5 ml anti-cDCC serum was applied. The bound fraction was then eluted with low pH (pH 2.8), neutralized immediately, and used for various experiments. Affinitypurified IgG and the nonaffinity-purified anti-DCC IgG showed the same results. Two rabbits immunized with the same peptide gave the same results.
Preimmune sera from the same rabbits were used as controls. As a nonspecific positive control, embryonic chicken skin extract (Day 8) was used for immunization (rabbits 500 and 501). Antibodies to chicken N-CAM, Ng-CAM, and L-CAM were as described (Daniloff et al., 1986; Grumet et al., 1984; Chuong and Edelman, 1985) .
The monoclonal antibody to fibronectin 1D8 was from Developmental Studies Hybridoma Bank (Johns Hopkins University, Baltimore, MD).
Northern Blot Hybridization
Total RNA was purified from approximately 3 × 107 cells of either native PA317 or PA317-DCC cells using TriReagent (Molecular Research Center, Inc.). Ten micrograms total RNA from each sample was purified over 01igo(dT) cellulose columns (Clonetech, Inc.). The poly(A) + RNA was then fractionated by electrophoresis through a 1% agarose-formaldehyde gel. RNA was then blotted to nitrocellulose and photocross-linked. Hybridization was performed using randomly primed probes prepared using the Multiprime DNA labeling system (Amersham), with either the 4.3-kb cDCC cDNA or a control human fl-actin cDNA as a template. Probes had a specific activity of 0.5 × 106 cpm/ml, and the hybridization reaction was carried out at 65°C overnight. Following hybridization, the blot was washed with 0.1× SSC, 0.1% SDS at 52°C and autoradiographed.
Immunoprecipitation and Immunocytochemistry
Immunoprecipitation was performed using PA317 cells or E8 chicken skin fragments metabolically labeled with ssS Met for 12 hr. Lysates were prepared with a buffer consisting of 1% Triton X-100, 150 mM NaC1, 0.5% DOC, 5 mM EDTA, 25 #l/ml Trasylol, 3 #l/ml NAN,, and 25 mM Tris, pH 7.5. The lysates were precleared with Sepharose beads for 1 hr and then incubated with anti-DCC antibodies for 12 hr at 4°C. Precipitation was carried out by incubation for i hr at 4°C with Protein A-Sepharose beads previously blocked with nonradiolabeled lysates. Protein-bound beads were then washed three times with a solution of 1% Triton X-100, 250 mMNaC1, 0.5% DOC, 5 mMEDTA, 25 mMTris, pH 7.25, followed by three washes with low-salt buffer (10 mMTris, 1 mMEDTA). An equal volume of 2× SDS gel loading buffer (Sambrook et al., 1989) was added to each sample and boiled for 3 rain prior to separation by SDS-PAGE and autoradiography. For immunocytochemistry, unfixed frozen sections embedded in OCT compound were used. Immunofluorescence procedures were performed as described (Jiang and Chuong, 1992) .
Cell Aggregation Assay
For PA317 cells, cells were dissociated with 0.1% trypsin and 2 mMEDTA. For epithelial cells, dorsal skin from stage 34 (Hamburger and Hamilton, 1951) chicken embryos was incubated in 2× calcium-and magnesiumfree media (Gallin et al., 1983) for 10 rain at 37°C. The epithelium was then peeled off and digested with 0.1% collagenase/0.01% trypsin (Worthington Biochemical Co., Freehold, N J). After dissociation into single cells, aliquots of 106 cells in 0.8 ml were then shaken in a 24-well dish which was precoated with elastomer (DuPont) to prevent cell binding to the bottom of the plastic dish. Shaking was at 70 rpm in a humidified 37°C incubator (Lab-Line, Melrose Park, IL); 100-ttl aliquots were removed at different time points and fixed in 1 ml of 4% paraformaldehyde/PBS. The number of particles was then counted with a Coulter Counter (Coulter Electronics, Hialeah, FL). For these chicken embryonic skin epithelial cells, the settings were: attenuation 2, aperture 8, and threshold 10. Duplicates were always carried out for each experiment. Cells were shaken in DMEM (GIBCO) containing various kinds and amounts of f(ab'), EDTA, or Ca 2+ as described. The decrease in particle number reflects the formation of aggregates. For calculation, please refer to Widelitz et al., 1993 .
Matrigel Cultures
Matrigel (Collaborative Biomedical Products) was diluted to 5 mg/ml in DMEM/10% fetal calf serum. Wells of a 48-well plate were coated with 100 ttl matrigel. The matrigel was allowed to coalesce at 37°C for 24 hr before single-cell suspensions were seeded on the hardened matrigel at i × 104 cell/well.
Skin Explant Cultures
Stage 33 embronic chicken dorsal skin was cultured for 4 days as an organ culture in DMEM containing 2% fetal calf serum, f(ab'), either preimmune control or anti-DCC was 0.2 mg/ml dissolved in media. For details, please see Jiang and Chuong, 1992 .
RESULTS
Overexpression of cDCC in Fibroblasts Led to Increased Cell Adhesion
The 4.3-kb cDCC-1 cDNA containing an AUG translation initiation codon and a polyadenylation signal was cloned into the EcoRI cloning site of the amphotropic replication-defective retrovirus, pMV-7 (Kirschmeier et al., 1988) . The newly constructed retroviral vector, designated pMV7-DCC (Fig. 1A ) was used to infect the flbroblastic packaging cell line, PA317. The transgene was introduced through lipofection and was passed to daughter cells by vertical transmission. Cells were further selected by adding G418 in the media for 3 weeks. The expression of transfected cDCC in PA317 cells was measured by Northern blot hybridization. Oligo(dT)-purifled poly(A) ÷ mRNA from native PA317 cells and PA317-DCC cells was extracted and hybridized to a fulllength (4.3 kb) cDCC cDNA. PA317 cells showed no de- This demonstrates that the protein produced from our cloned chicken DCC cDNA has the same relative mobility as native protein from chicken skin and that both are recognized by our antibodies. t e c t a b l e DCC m e s s a g e , b u t t h e i n f e c t e d cells e x p r e s s e d l a r g e a m o u n t s of D C C -c o n t a i n i n g m R N A a t a p p r o x im a t e l y 4.3 kb (Fig. 1B) . E x p r e s s i o n of fl-actin m R N A w a s u s e d as a c o n t r o l a n d s i m i l a r a m o u n t s w e r e obs e r v e d in b o t h cell t y p e s (Fig. 1B) . W h e n ~SS-labeled P A 3 1 7 -D C C cell e x t r a c t s w e r e i m m u n o p r e c i p i t a t e d w i t h a n t i b o d i e s to DCC, a Mr 160-kDa b a n d was recognized, w h i c h is s i m i l a r to t h e b a n d p r e c i p i t a t e d f r o m E m b r yonic D a y (E) 8 c h i c k e n s k i n e p i t h e l i a l e x t r a c t by t h e s a m e a n t i b o d y (Fig. 1C) . N a t i v e PA317 cells w e r e f i b r o b l a s t -l i k e , w h i l e t r a n s f e c t e d cells f o r m e d c l u s t e r s , s u g g e s t i n g a n i n c r e a s e of c e l l -c e l l a d h e s i o n (Figs. 2A, a n d 2C). I m m u n o f l u or e s c e n t s t a i n i n g w i t h r a b b i t a n t i -D C C s h o w e d no s t a i ni n g of t h e n o n t r a n s f e c t e d PA317, b u t m o s t pMV7-DCC t r a n s f e c t e d / i n f e c t e d cells s t a i n e d p o s i t i v e l y (Figs. 2B, a n d 2D). T h e c l u s t e r i n g of D C C -o v e r e x p r e s s i n g cells is m u c h m o r e clear in t h r e e -d i m e n s i o n a l m a t r i g e l c u l t u r e s (Figs. 2E a n d 2F), s u g g e s t i n g a l a r g e r i n c r e a s e in cellcell a d h e s i o n c o m p a r e d to c e l l -s u b s t r a t e a d h e s i o n . Cont r o l s i n f e c t e d w i t h pMV7 a l o n e or p M V 7 -W n t -1 did not show s i m i l a r a l t e r a t i o n s in cell s h a p e s or s t a i n i n g for DCC. (G) Cell aggregation assay using native PA317 cells and PA317-DCC cells with no f(ab'), anti-DCC f(ab'), or nonimmune f(ab'). Adhesion was doubled in cells transfected with DCC over nontransfected controls. Inhibition of DCC activity with anti-DCC f(ab') reduced the adhesion of the transfected line back to that of the parental line. Cells incubated with nonimmune f(ab') behaved similarly to those with no f(ab'). The lowered aggregation in the 30-min time point of PA317 anti-DCC was due to a low number in one of the duplicates and does not reflect a significant inhibiton. pothesis directly with cDCC transgene-expressing cells (Fig/2G ). Cell aggregation was doubled in PA317-DCC cells over nontransfected controls. Inhibition of DCC activity with anti-DCC f(ab') reduced the adhesion of the transfected cells back to that of the parental cell line. Cells incubated with nonimmune f(ab') showed the same degree of aggregation as the one without f(ab'). Estimation of the immunofluorescence which was conducted in antibody excess showed that the amount of DCC per unit cell membrane in PA317-DCC cells is comparable to that of the skin epithelia but less than that of the early gut epithelia (Figs. 4 and 5) . The molecular mass of DCC is different from that of two other Ig family members, N-CAM (Mr 180, 140, and 120 kDa in neural tissues or 140 kDa in skin (Chuong and Edelman, 1985) ) and Ng-CAM (135 kDa, Grumet et al., 1984) , respectively. The molecular mass is also different from the 220-kDa of fibronectin (Yamada et al., 1985) . In immunostaining of embryonic gut, these antigens have entirely different tissue distribution patterns (Fig. 3) , demonstrating the specificity of the antibodies. On the cross section of E8 gut, DCC is present on the epithelial cells. Ng-CAM is present only in the nerve plexus in the muscular wall. N-CAM is absent from the epithelial cells but present in the condensing mesenchyme, muscle, and nerve plexus. In contrast, L-CAM, a cadherin family member sharing no homology with DCC showed a similar epithelial staining pattern (Fig. 3, upper and middle rows) . Fibronectin stained the submucosa extensively but was negatire in the epithelium (not shown). Controls using preimmune Ig or anti-KLH antibody were negative (Fig. 3 , lower row, right panel). DCC was negative on other tissues such as the blood vessel (Fig. 3 , lower row, left panel).
T o g e t h e r w i t h t h e N o r t h e r n b l o t a n d i m m u n o p r ec i p i t a t i o n d a t a , t h e s e d a t a d e m o n s t r a t e d t h a t t h e s e PA317 cells e x p r e s s t h e e x o g e n o u s l y i n t r o d u c e d cDCC gene. T h e h o m o l o g u s s t r u c t u r e to N -C A M s u g g e s t e d t h a t DCC is a cell a d h e s i o n molecule. H e r e we t e s t t h i s hy-
DCC is Present in All Layers of Epithelial Cells during Development but Is Limited in the Proliferating Zones in Adult Epithelia
To locate the distribution of DCC in development, we immunostained frozen sections from various tissues and ages (Fig. 4) . DCC is present on the endoderm-derived epithelia (Fig. 4A) . In the early E5 gut epithelium, DCC is present on all layers of the epithelium (Fig. 4B') . At E8, as the gut epithelium becomes a single cuboidal layer and starts to form intestinal villi through invagination and evagination, DCC is present on all these epithelial cells (Fig. 4C) . At E12, as the villi become more mature, DCC gradually becomes limited to the crypt region of the villi (Fig. 4D) , which can be seen more clearly in E18 (Fig. 4E) . In newborn chicken, DCC remains in the crypt region. In those cells positive for DCC, it is enriched in the basolateral surface. This is in contrast to the early gut in which DCC is present all over the cell surface and is enriched in the apical surface (Fig. 4G) . DCC is also expressed in Embryonic Day 15 mouse gut epithelium with similar distribution pattern (Fig. 4H) . In intestinal villi, cell proliferation mainly occurs in the crypt region. Specific expression of DCC in this region implies its function in growth control.
DCC is also present on the skin epithelia. In developing E6 (stage 29) chicken dorsal skin, DCC is positive in all epithelial cells, including feather placode epithelia and interplacode epithelia (Fig. 5A) . In E15 (stage 41) skin, feather follicles have formed and DCC is enriched in the collar region where new cells for feather filaments are added (Fig. 5B ). On the ectoderm over the limb bud, at stage 21, DCC is positive both outside and inside the apical ectoderm ridge (Fig. 5C ) and around stage 32 can be seen all over the ectoderm covering developing digits (Fig. 5D ). In developing E15 mouse ectoderm, DCC is all over the epithelial cells (Fig. 5E) . In adult mouse, in regions of squamous epithelia, DCC is enriched in the basal layer only (Fig. 5F , also Fig. 6A ).
DCC is also seen in other epithelia. Mammary glands are induced derivatives of ectoderm. In mouse maremary gland, DCC is expressed in all the ductal cells with cell surface expression pattern (Figs. 6A and 6B) . On the contrary, most mammary glands are negative for DCC ( Fig. 6C ; some glands are positive, which may have to do with different stages of mammary gland development, and this has to be studied further). Lungs are induced derivatives of endoderm (Fig. 6D) . Developing lung epithelia are positive for DCC. Urinary bladder epithelium is also positive for DCC (Figs. 6E and 6F) .
Other than the epithelia, DCC can be seen in some neural tissues including spinal cord and dorsal root ganglia, and transiently in developing muscle (not shown). In this report, we focus on the roles of DCC in epithelial morphogenesis.
DCC is a Calcium~Independent Skin Epithelial Adhesion Molecule and Probably Contains a Heterophilic Binding Mechanism
To test whether DCC functions as a cell adhesion molecule in the ectoderm, where it is highly expressed (Fig.  5) , we performed the following functional tests using the aggregation of stage 34 (ES) skin epithelial cells. Rabbit f(ab') to DCC at 0.2 and 0.4 mg/ml inhibited cell aggregation by 31 and 51%, respectively (Fig. 7 , left panel and Table i ). Rabbit anti-L-CAM f(ab') at 0.2 and 0.4 mg/ml inhibited cell aggregation by 14 and 36% in the same experiment. A nonimmune f(ab') raised against embryonic chicken skin (R500) had no inhibition ( Fig. 7 and Table 1 ). Anti-N-CAM also had no significant inhibition (not shown). To determine the requirement of Ca 2+, cell showed entirely different patterns. DCC is mainly present on the gut epithelia (e), Ng-CAM is mainly on the nerve plexus (n) in the gut wall, and N-CAM is in the mesenchyme, muscle, and nerve plexus. L-CAM (L), chicken equivalent to E-cadherin, is present only on epithelial cells, similar to that of DCC. DCC is negative in most other tissues includingblood vessel (v). Control (Ctrl) using IgG from rabbit immunized with KLH is negative, Bar, 200 #m. Note DCC is positive all over the ectoderm (e) and later also enriched in the collar (cl) region, Dermal papilla (dp) is negative, Large amounts of DCC can also be seen in the apical ectodermal ridge (AER). (E) Embryonic Day 15 mouse skin; (F) adult mouse skin near the nipple. All ectodermal cells (e) on developing skin are positive for DCC, but only the basal layer (bl) are positive for DCC in squamous epithelium. Some DCC-positive developing muscle can be seen in (E) and some nerves are seen to be positive in dermis in (F). Bar, E, 200 tim; all others, 100 ttm. aggregation was carried out in the presence of 10 mM Ca 2+ or i mM EDTA. The results showed that the effect of anti-DCC f(ab') was not affected by the presence or the absence of Ca 2+, hence, the DCC-mediated aggregation was calcium-independent (Fig. 7, right panel) .
To explore the binding mechanism, we divided the dissociated skin epithelial cells into two halves and precoated one half with R anti-DCC antibody. If the binding mechanism is homophilic only (DCC binds DCC), the aggregation will be inhibited because half of the cells will not participate in the binding. If the mechanism is heterophilic (DCC binds to a receptor), cells can still bind to each other through the presumptive DCC receptor and the aggregation will not be inhibited (Hoffman et • ~ , --. FIG. 7. DCC mediates calcium-independent cell aggregation of embryonic skin epithelial cells. Stage 34 chicken skin epithelium was dissected, dissociated into single-cell suspension, and allowed to aggregate in a rotary shaker. Cells aggregated up to 60% in the presence of n0nimmune f(ab') or media. Anti-L*CAM (L) and anti-DCC suppressed this aggregation to the range of 25-40%. In the presence of 1 mMEDTA or 10 mMcalcium, the inhibitory effects of anti-DCC were not influenced. R500 is a control f(ab') raised against stage 34 chicken skin extract. All f(ab') fragments used in this figure were 0.4 mg/ml. al., 1986). Three independent experiments were conducted and all showed no inhibition. One typical experiment is shown in Table 2 . The fact that the presence of half of the anti-DCC f(ab')-coated cells did not reduce aggregation strongly suggested the presence of a heterophilic binding mechanism and a receptor for DCC. The cell biological evidence here emphasizes the necessity of studying the molecular identity of such a molecule(s).
Integrity of DCC-Mediated Adhesion in Epithelium Is
Required for the Induction of Mesenchymal Condensation,
To test the roles of DCC in epithelial development, we used embryonic chicken dorsal skin explant culture as a model. In this culture, a series of epithelial-mesenchyreal interactions takes place causing the flat piece of skin to form many feather buds in 4 days (Jiang and Chuong, 1992) . In the presence of f(ab') to DCC, feather germs still could form and were still in a hexagonal pattern. However, the growth of the buds are greatly perturbed and the buds appeared as short, broad bumps rather than elongated feather buds (Figs. 8A and BE) . Tangential sectioning in the dermal layer revealed an Note. Aggregation of stage 34 chicken embryonic skin epithelial cells were carried out as described under Materials and Methods. Percentage of inhibition was calculated as described (Widelitz et al., 1993) .
unexpected result. During this stage of feather germ development, mesenchymal cells form dermal condensations under each feather placode. In the presence of anti-DCC, mesenchymal cells remained more diffusely distributed (compare Figs. 8B and 8F). We further examined these cells with anti-N-CAM and fibronectin, known to be localized in the anterior and posterior feather bud, respectively (Figs. 8C and 8D; Chuong, 1993) . Interestingly, both molecules became homogeneously distributed (Figs. 8G and 8H) . Controls including nonimmune f(ab') and f(ab') raised against embryonic skin cells (R501) had no effect. Antibody against other adhesion molecules such as L-CAM, N-CAM, and tenascin had an effect on feather bud development but in a distinct way (Jiang and Chuong, 1992) . These results suggests that the intact function of DCC in epithelia is essential for the mesenchymal condensation to occur normally.
DISCUSSION
DCC Is a Cell Adhesion Molecule
DCC was identified as a gene located in chromosome 18q and lost in a high percentage of colorectal carcinoma, breast cancer, and other gut carcinomas (Hohne et al., 1992; Uchino et al., 1992) , which implies that it plays important roles in carcinoma. We focused on studying its physiological function in embryonic development. To this aim, we have isolated a 4.3-kb chicken Note. For each experiment, half of the cells were incubated with 0.4 mg/ml f(ab') at 4°C for 30 rain. These cells were then washed with DMEM three times to remove nonbound f(ab'). The f(ab') precoated cells were mixed with nontreated cells and aggregation was carried out as described. Tbr6e independent experiments were carried out with similar results, including two nontreated cells precoated with control f(ab'). The data shown are from a representative experiment.
In this particular experiment, anti-DCC f(ab') was present all the time. In other experiments, anti-DCC f(ab') was washed after 30 rain and the results are similar.
clone which contains an initiation codon and a polyadenylation site. Sequence data showed higher than 93% homology to human DCC with 4 Ig domains and at least 3 fibronectin type III domains (manuscript in preparation). Antibody raised against a fibronectin type III domain which is completely identical between human and chicken recognized a Mr 160-kDa protein (Figs. 1 and 2 ). Human DCC was reported to be 180 kDa (Hedrick et al., 1992) and complete DCC cDNA predicts an unmodified protein of 153 kDa and has at least 5 N-glycosy]ation sites Hendrick et al., 1992 , and our unpublished data). Therefore, the discrepancy could be due to splicing isoforms, or different glycosylations in different tissues, or the difference between chicken and human. Further biochemical studies are reqired to clarify this issue. The specificity of DCC is further shown by the completely different expression pattern from N-CAM, Ng-CAM, and fibronectin (Fig. 3) .
Because of the similarity to the N-CAM DNA sequence, it has been hypothesized that DCC may be a cell membrane Ig superfamily adhesion molecule. To test this, we constitutively expressed cDCC genes in PA317 fibroblast cells, which form clusters and exhibit increased cell aggregation reversible by antibodies against DCC (Fig. 2) . DCC also works as an adhesion molecule in vivo as shown by the inhibition of the aggregation of dissociated embryonic chicken skin epithelial cells with antibody to DCC (Fig. 5) . The requirement for calcium was tested and shown to be calcium-independent, while a calcium-dependent adhesion system L-CAM coexists in these cells (Fig. 7 and Gallin et al., 1983) . Thus, calcium may be used to regulate adhesion mediated either by cadherin or Ig family members for different downstream biological effects.
To explore whether there is a heterophilic (DCC binds a different ligand) binding mechanism, we used cell mixing experiments which suggested the existence of a heterophilic binding mechanism. This, however, does not rule out the coexistence of homophilic binding (DCC binds DCC) as seen in N-CAM (Cole and Akeson, 1989; Murray and Jensen, 1992) . The notion that a hypothetical "DCC receptor" may be required to mediate the activity of DCC may help to explain why the transfection of the DCC gene did not alter cellular function as effectively as inhibiting expression with an antisense gene . If the targeted cell lines do not express DCC receptor, reconstitution of DCC alone will not be sufficient. Rat-1 cells transfected with anti-sense to DCC also exhibited altered cell-substrate adhesion and led Narayanan et al. (1992) to suggest the existence of DCC-matrix interaction. Although the cell biological evidence is circumstantial, it emphasizes the importance of searching for such a DCC receptor or ligand.
Dynamic Expression Pattern of DCC and Its Potential Roles in Growth Control
During development, the major presence of DCC is in the epithelial cells. This can be seen in ectoderm-derived epithelia including skin, hair, and mammary gland and endoderm-derived epithelia including gut and lung epithelia (Figs. 5-7 ). During development, DCC is present on all the epithelial cells. In mature epithelia, DCC expression becomes restricted to the basal layer. This can be seen in the following examples: (1) the crypt region of intestinal villi, (2) the basal layer of squamous epithelia in the skin, and (3) 
